The influence of protein in the adult diet on first cycle gonotrophic development was examined in newly colonized screwworm flies, Cochliomyia hominivorax (Coquerel), reared on an artificial larval diet and bred in subsequent generations from females stimulated to oviposit only after all individuals in a colony were expected to have matured their eggs. This latter criterion was established with the goal of reducing selection for early ovarian maturity and increased autogeny. Under these conditions, supplementing the diet with raw meat during the first week after adult emergence hastened egg maturation by two to four days or more, increased the percentage of seven-to ten-day-old females that was gravid by 45%, and boosted the number of eggs per gravid female by c. 30%. The serous discharge from screwworm-infested sheep wounds, a casein-salt mixture, or casein in potassium hydroxide was as effective as raw meat. Addition of B vitamins to the casein-salt mixture was without further effect. The measures taken to reduce selection for altered gonotrophic development were not critically evaluated here, but they appeared successful in that age and protein affected ovarian maturation rates similarly in F 2 and F 27 . Fecundity measured as eggs matured per gravid female differed between generations, but appeared correlated with size differences that were unrelated to colonization duration.
Introduction
The screwworm fly, Cochliomyia hominivorax (Coquerel) (Diptera: Calliphoridae), is an obligate larval parasite of warm-blooded animals and a significant pest of livestock in tropical areas of the New World. Although the pest once ranged from the United States to Argentina and throughout the Caribbean, programmes based on the sterile insect technique have eliminated C. hominivorax from the United States, Mexico, and parts of Central America, where eradication efforts continue (Dear, 1985; Graham, 1985; Krafsur et al., 1987; Vargas-Terán, 1991; Spradbery, 1994) . Sterile insects were also used in the early 1990s in North Africa to eradicate C. hominivorax first detected outside the Americas in the late 1980s (Beesley, 1991; Spradbery, 1994; Krafsur & Lindquist, 1996) . Screwworm nutrition is relevant to eradication programmes because of the need to mass rear insects for sterilization and release.
Ovarian maturation in most higher Diptera, including blow flies, is dependent upon protein, as well as salts and sometimes vitamins, in the adult diet (Sang & King, 1961; Pappas & Fraenkel, 1977; Williams et al., 1979; Wheeler, 1996) . Although autogeny renders C. hominivorax atypical (Crystal, 1967b) , the carrion-and wound-visiting behaviour of wild C. hominivorax adults suggests at least limited ingestion of protein during the first ovarian cycle. That is, nulliparous individuals accounted for 27-33% of vitellogenic females on both liver baits and screwworm-infested host wounds, where females with immature ovaries feed and outnumber gravid individuals (Guillot et al., 1977a,b; Thomas & Mangan, 1989) . In the laboratory, supplementing the adult diet with protein influences clutch size and number of eggs matured during the first gonotrophic cycle (Brewer, 1993; Thomas, 1993a,b) , although the efficacy of wound exudate for mediating these effects has not been tested in C. hominivorax.
The impact of protein ingestion by screwworm adults on ovarian development varies with larval rearing conditions and perhaps with screwworm strain. Premature removal from larval diet, a situation not unlike that commonly encountered by carrion-breeding calliphorids that rapidly exhaust limited food resources (Hanski, 1987) , results in small but often viable screwworm adults showing an increased dependence on exogenous protein for maximal fertility (Hightower et al., 1972b; Thomas, 1993a,b) . Artificial larval diets available for mass rearing also produce smaller C. hominivorax than does wound rearing and may therefore increase adult protein requirements as well (Thomas, 1993b) . Newer strains oviposit later and perhaps develop fewer eggs more slowly than do strains colonized for longer durations (Hightower et al., 1972a; Thomas, 1993b) , suggesting that dependence on dietary protein in the adult diet varies not only with conditions but also with duration of colonization.
The present study examined the dependence of ovarian maturation during the first gonotrophic cycle on exogenous protein in the adult diet when C. hominivorax were reared on artificial larval diet but maintained throughout colonization in a manner designed to minimize selection for early ovarian maturity and increased autogeny. Proteinaceous foods included raw meat, wound exudate, and casein based meridic diets with and without added salts and vitamins.
Materials and methods

Insects
Six C. hominivorax egg masses (F 1 generation) were collected near Cañas, Guanacaste, Costa Rica from sheep wounds exposed as described by Parker et al. (1993) . Cochliomyia hominivorax of this generation were fed a gelled larval diet (Taylor & Mangan, 1987) and transported as pupae to the Fargo laboratory, where the pupae from the six egg masses were pooled. The resulting Cañas strain was reared in subsequent generations at 39 ± 1°C on a beef-blood larval diet (Melvin & Bushland, 1940) . The weight of 100 pupae per larval rearing group, obtained ten days after rearing groups were established with eggs, was used to evaluate whether weights varied with generation in colonization between F 2 and F 27 (n = 55, two or three from each of 26 successive generations).
Adults were maintained at 25 ± 1°C and 50 ± 10% rh. Those in colonies were fed corn syrup and separate water ad libitum. They were additionally provided fresh raw ground beef changed daily for one week after emergence and stimulated to oviposit when two weeks old (by provision of a bovine blood-beef mixture heated to 39 ± 1°C). Colonies consisted of approximately equal numbers of each sex until one week after emergence, when males were discarded. Experimental insects were separated by sex within 24 h of emergence; that is, when 0 days old. Carbon dioxide anaesthesia was employed, but only to separate the sexes. Virgin insects were used in experiments after preliminary observations indicated no effect of mating on egg numbers or maturation rates during the first gonotrophic cycle, in agreement with earlier observations with more colonized strains (Crystal & Meyners, 1965; Hammack et al., 1987) . Virgin females were preferable because they suffer significantly less mortality than females in mixed-sex groups (Crystal, 1967a) , reducing cage contamination. Cage contamination was further reduced by regular removal of dead flies. Experimental insects were held 50-90 per cage (Ϸ28 ϫ 18 ϫ 23 cm stainless steel frame covered with cotton gauze), depending on the test.
Experimental diets and evaluation of ovarian development
Protein, vitamin, and salt supplements were added to a sugar-based adult diet. Except as otherwise indicated, the supplements were provided for seven days beginning at 0 days of age and replaced daily to retard microbial growth. Protein supplements consisted of raw meat (Ϸ35 g ground beef), casein (vitamin-free, micropulverized), or fluid from screwworm-infested animal wounds. The control diet consisted of corn syrup and separate water ad libitum. Corn syrup and water were also present separately in cages that received the meat and wound-fluid treatments. Meat was purchased frozen from a local food supplier. Wound fluid consisted of the serous discharge pooled from sheep lesions each artificially infested one to four days previously with ≈30 newly-hatched C. hominivorax larvae at the ARS Screwworm Research Laboratory in Tuxtla Gutierrez, Mexico. The fluid was transported to the Fargo laboratory in liquid nitrogen and stored at ϷϪ60°C. United States Biochemical Corp. (Cleveland, Ohio) supplied the casein, vitamins, and McCollum-Davis salt mixture (salt mixture 185 of McCollum & Simmonds (1918) ). The effect of potassium and magnesium present in the McCollum-Davis salt mixture was further examined using potassium hydroxide, magnesium chloride, or magnesium sulphate.
Dietary supplements other than the meat and wound fluid were prepared in 0.1 N sodium hydroxide or 0.1 N potassium hydroxide to solubilize the casein. Sucrose was included in these supplements at the rate of 1.11 g per 10 ml of 0.1 N sodium hydroxide or potassium hydroxide because diets containing just casein, vitamins and salts showed little phagostimulatory activity in preliminary trials. A vitamin mixture like that used by Pappas & Fraenkel (1977) was added next. The mixture contained the following vitamins in mg per 10 ml of the basic sugar solution: thiamin, 5; riboflavin, 2.5; nicotinic acid, 10; sodium pantothenate, 5; pyridoxin, 2.5; choline chloride, 100; inositol, 50; folic acid, 0.5; and biotin, 0.1. Lastly, 5% casein and 0.67% salts as the McCollum-Davis salt mixture were included in the diet (respectively, 0.5 and 0.067 g per 10 ml of the basic sugar solution). Diets lacking the casein, the salt mixture, or the vitamin supplement were tested in addition to the complete blend. A strip of folded filter paper was floated on the surface of these diets (15 ml per cage) to provide a landing site for feeding flies. Consumption was increased not only by the sucrose but also by removal of water bottles from cages provisioned with the meridic supplements. Insects were sacrificed at 12 days of age, unless otherwise indicated, and stored frozen for ovarian dissection.
Degree of development in ovaries dissected in saline and observed with a binocular microscope was used to determine the efficacy of dietary treatments. Two measures of ovarian development were used: stage of the synchronously maturing terminal ovarian follicles, using the scoring method of Adams & Reinecke (1979) , and number of mature eggs contained in both ovaries per female.
Experiments
The first test series examined oogenesis in relation to diet, age, and generation. Females of F 2 and F 27 generations were each divided into two simultaneously maintained groups, one of which was fed a diet supplemented with protein (meat). Insects from each dietary group were sacrificed for ovarian dissection at daily intervals from two to ten days of age and at 12 days (per age and diet treatment, n = 25 in F 27 and, in F 2 , n = 41 to 42 at all ages except two, three, four and 12 days of age when n = 30-32).
Efficacies of meat and wound-fluid supplements were compared with control in a test conducted with F 34 females sacrificed at eight days of age. The feeding regime was modified in the wound-fluid test to accommodate limited quantities of fluid; 1.3 ml of diet (wound fluid or meat) were provided each day for five days beginning at one day of age.
Two tests were done with meridic supplements and females of F 31 -F 34 generation (n = 25 for egg counts and four groups of 25 per group for maturation rates). The first examined effects on egg numbers of supplementation with the vitamins, McCollum-Davis salts and casein in sodium hydroxide or potassium hydroxide. Separate corn syrup was available in all treatments. The second test included separate corn syrup only in control and meat supplemented treatment groups and addressed effects of the casein in potassium and of magnesium on egg numbers and maturation rates.
Data analyses
Data on ovarian stage were expressed for statistical analyses as the proportion gravid (stage 10) because the original scoring scheme yielded data that were neither normally distributed nor amenable to normalization via transformation. In the test comparing diets with and without added meat or wound fluid, contingency chi-square was used to analyse proportions of females with stage-10 ovaries. Independence of the chi-square comparisons was maintained by successive pooling of similar data sets as described by Steel & Torrie (1960) . Linear regression was used to evaluate the dependence of pupal weight on generation (REG procedure, SAS Institute (1989) ). Ovarian maturity was compared among ages and between protein feeding regimes and generations using logistic analysis (CATMOD procedure with age the only variable treated quantitatively, SAS Institute (1989)). Otherwise, data were statistically evaluated with analysis of variance, followed by Student-Newman-Keuls' test to separate means after a significant F value (GLM procedure, SAS Institute (1989) ). Percentage data were transformed (arcsin ߛX) to normalize variances prior to analysis of variance.
Results
Protein supplementation of the adult diet and insect age, but not generation in colonization, significantly influenced the percentage of C. hominivorax females with mature eggs in the Cañas strain (table 1) . There was also a highly significant age by protein interaction, not surprising when females too young to produce mature eggs under either feeding regime were sampled. Overall, protein accelerated the rate of ovarian maturation by c. two to four days and increased, often by 50% or more, the percentage of females that was gravid ( fig. 1 ). The number of eggs matured by gravid females also varied significantly with protein feeding regime, as well as with age and generation (table 2). Egg number per gravid female rose with protein feeding by 62 or 63 on average, depending on generation, and differed by 23 or 24 between generations, depending on diet ( fig. 2) . Egg numbers declined only slightly with age across generations and feeding regimes ( fig. 2) .
The mean weight of F 2 and F 27 pupae was 47.1 and 59.3 mg, respectively, compared with an overall average of 50.7 ± 0.7 (SE). Linear regression revealed no tendency for pupal weights to change systematically with generation between F 2 and F 27 (Y = Ϫ0.05X + 51.5; F 1,53 = 0.30, P = 0.59).
Supplementation of the adult diet with wound fluid resulted in c. 4% fewer gravid females and ten fewer eggs per gravid female than did meat supplementation, but the differences were not statistically significant (table 3) . Both proteins produced significantly more gravid females and more eggs per gravid female than did the control (table 3) .
Casein had the same effect on egg numbers as did the meat or wound fluid, but only in the presence of salts supplied by the McCollum-Davis salt mixture ( casein in potassium hydroxide. The latter two treatments were as effective as the meat (table 4) . Addition of the vitamins to the casein and salt supplement had no effect. Maximal stimulation of maturation also occurred when females were fed casein and sucrose in potassium hydroxide but no separate corn syrup. This diet produced not only as many eggs per gravid female, but also as many gravid females as did the meat and significantly more than did the control (table 5) . Magnesium supplied as magnesium chloride or magnesium sulphate had no further effect on ovarian maturation when added to the diet of casein and sucrose in potassium hydroxide (table 5) .
Discussion
The measures taken in the present study to slow selection for accelerated gonotrophic development in a newly colonized strain of C. hominivorax reared on artificial larval diet were inclusion of protein in the adult diet and a delay of about one week in the stimulation of oviposition until colony females were two weeks old. Although there was no attempt here to critically evaluate effectiveness of these measures, the results were consistent with their efficacy in that ovarian maturation rates were similar in F 2 and F 27 generations within feeding regimes. Fecundity, measured as eggs matured per gravid female, did differ between the two generations, but pupal weights also varied by more than 12 mg. The weight difference could explain the fecundity difference because pupal size is highly correlated with ovariole number and thus with egg counts in a number of blow flies (Pappas & Fraenkel, 1977; Spradbery & Schweizer, 1981; Saunders & Bee, 1995) . Thus, the relevant question is whether screwworm pupal weights varied systematically with duration of colonization. Linear regression analysis provided no evidence for such variation between F 2 and F 27 generations. The ovarian maturation patterns observed here were therefore considered representative of newly colonized screwworms reared on meat-based artificial larval diet.
Ovarian maturation rates in such newly colonized screwworms, especially in the absence of protein supplements to the adult diet, were considerably slower than those reported in other screwworm studies. Most females from laboratory adapted strains are ready to oviposit by four to six days after emergence when held at 25-27°C and fed only carbohydrate ( fig. 1) (Crystal, 1967b; Adams, 1979; Hammack et al., 1987; Hammack, 1991) . This timing does apparently parallel optimal performance of feral insects ovipositing on host wounds in nature (Thomas, 1993a,b) , but it is four to six days sooner than most females became gravid in the present study when fed only carbohydrate.
There are reports of lower oviposition rates in other more newly colonized C. hominivorax strains reared on artificial larval diet, but only recently has there been an attempt to separate egg production in such strains from willingness to oviposit on artificial substrates (Thomas, 1993a,b) . However, little variation in ovarian maturation rate was detected between strains differing by about 18 generations in colonization after laboratory rearing for 17 generations or more, although the newer strain did tend to mature fewer eggs per gravid female at higher adult holding temperatures than did the older one (Thomas, 1993b Different letters within columns indicate significant differences at P Յ 0.05 by contingency chi-square (% females gravid) or Student-Newman-Keuls test after a significant ANOVA (F 2,108 = 21.10, P < 0.0001).
Egg number per gravid female also declined slightly but significantly with age in the present study for reasons yet to be explained. Oviposition in holding cages is a possibility, and oviposition of a few scattered eggs rather than the more typical egg masses could have been overlooked. However, an alternative and more probable explanation for the agerelated decline in screwworm egg numbers is oocyte resorption, a phenomenon that is readily observed in terminal follicles having reached vitellogenic stages although not in mature eggs (unpublished observations), which are retained until a suitable oviposition site is located (Adams & Reinecke, 1979) . Oosorption in terminal follicles, if accompanied by a maturational delay, could contribute to the observed decline in egg numbers with age of gravid females. Old World screwworms, Chrysomya bezziana (Villeneuve) (Diptera: Calliphoridae), which are also autogenous, resorb c. 10 or 30% of their first cycle oocytes in the presence or absence, respectively, of a protein supplement in the adult diet (Spradbery & Schweizer, 1981; Spradbery, 1994) . Protein can also reduce maturation time by as much as 20% in Old World screwworms.
Much of the delay in ovarian maturation shown here by newly colonized C. hominivorax on a carbohydrate regime was avoided by supplementing the adult diet with protein, which also simultaneously increased the number of eggs per gravid female by about 30%. Protein supplements may also have increased the proportion of the screwworm sample able to reproduce; virtually all protein-fed individuals matured eggs by 12-14 days, whereas maturity levels tended toward a plateau of about 60-70% of females gravid in protein-deprived groups. If the assumption that insemination fails to affect oogenic rate or egg numbers proves valid in new strains as shown for older ones (Crystal & Meyners, 1965; Hammack et al., 1987) , then the remaining 30-40% of the population, or more, would not be likely to reproduce under standard conditions of colonization Means followed by different letters differ at P Յ 0.05 by Student-Newman-Keuls test after a significant ANOVA (F 6,224 = 28.15, P < 0.0001).
without a protein supplement. Removal of such a sizable number of individuals during initial stages of colonization would impose strong selection for rapid gonotrophic development and quickly lead to faster ovarian maturation in subsequent generations, assuming heritability of the maturational variation. Screwworm flies in mass production colonies are provided protein (raw meat); however, lack of data until recently to indicate any clear role for exogenous protein during first cycle egg development has resulted in its frequent omission from adult diets fed to research colonies and those used to develop mass production strains (Crystal, 1966; Graham, 1985; Babilonia & Maki, 1991) . Recent reports show an effect of protein on the first oogenic cycle of screwworms reared on artificial larval diets. Brewer (1993) reported greater egg deposition by supplemented adults, and Thomas (1993a,b) attributed a similar increase in egg deposition to greater fecundity rather than increased readiness of gravid females to oviposit, using a strain colonized for about 35 generations. Some of the fecundity increase after supplementation with raw meat derived from a slightly higher proportion of females reaching maturity, but most arose from a 9-14% increase in the number of eggs per gravid female (Thomas, 1993a,b) .
The results presented here indicated a greater benefit to the first gonotrophic cycle of protein in the adult diet during initial stages of screwworm colonization or when handling strains not strongly selected for early ovarian maturation. Under these conditions, protein in the adult diet increased egg number per gravid female by approximately 30%, shortened the preovipositional period by c. two to four days, and boosted by c. 50% the percentage of 10-to 12-day-old females that was gravid. These more marked effects of protein supplementation than those reported by Thomas (1993a,b) would be predicted had larvae been prematurely separated from their diet or reared under otherwise suboptimal conditions on artificial diets (Hightower et al., 1972b; Thomas, 1993a,b) . However, while a fresh meat larval diet like that used here is no longer utilized for mass rearing due to cost and handling difficulties, it is the standard against which substitute diets based on dry proteinaceous products have been judged (for example, Taylor & Mangan, 1987) .
Many characteristics in addition to gonotrophic development have been shown to vary with duration of screwworm colonization, including fly tolerance of temperature extremes (Ahrens et al., 1977) and mating behaviour associated with changes in sex pheromone production and reception (Spates & Hightower, 1967; Hammack, 1992) . Krafsur et al. (1987) and Thomas (1993b) have provided more comprehensive lists and reviewed in some detail the consequences of described changes for screwworm mass production and field performance. Despite many changes, there is currently no evidence that genetic deterioration of screwworm strains has led to failure of eradication efforts. Thus, although results of the present study indicate that consistent availability of protein in adult colonies would be likely to reduce selection for accelerated first cycle gonotrophic development and maintain a more heterogeneous population, there is currently no evidence that these outcomes would benefit screwworm control programmes based on the sterile insect technique. Admittedly, available studies have generally compared performance among mass production strains apt to have been selected for early gonotrophic development before being mass produced.
When provided ad libitum during the first ovarian cycle, wound fluid was as nutritionally satisfactory for vitellogenesis in C. hominivorax as was ground meat and, like the meat, increased fecundity by increasing both the numbers of females with mature eggs and the number of eggs per gravid female. These results are consistent with the supposition (Thomas, 1993a ) that ingestion of fluids during visits to host wounds contributes significantly in nature to maintenance of subsequent gonotrophic cycles. Wild C. hominivorax are known to ingest wound fluids at oviposition and during even more frequent visits made to host wounds during vitellogenesis, especially by parous vitellogenic females (Guillot et al., 1977a,b; Thomas & Mangan, 1989 , Parker et al., 1993 . Wound fluids ingested at the time of oviposition were sufficient to mature an additional clutch of eggs in C. bezziana (Spradbery & Schweizer, 1979) , but were considered an insignificant source of protein for vitellogenesis in Lucilia cuprina (Weideman) (Diptera: Calliphoridae) (Vogt et al., 1985) .
Casein that has not been acid hydrolysed contains amino acids essential for growth and development of a wide variety of organisms. When fed to C. hominivorax adults during the first gonotrophic cycle, casein boosted egg numbers and maturation rates as effectively as did meat or wound fluids, although only when potassium ions were also added to the supplement. Phormia regina (Meigen) (Diptera: Calliphoridae), an anautogenous blow fly, must ingest both protein to trigger yolk deposition mechanisms and potassium to sustain deposition to maturity (Pappas & Fraenkel, 1977) . A role for adult dietary potassium in oogenesis has also been shown for Neobelliera (=Sarcophaga) bullata (Parker) (Diptera: Calliphoridae) and Drosophila melanogaster Meigen (Diptera: Drosophilidae) (Sang & King, 1961; Pappas & Fraenkel, 1977) . Addition of magnesium ions to casein in potassium hydroxide had no further effect on oogenesis in the present tests with C. hominivorax nor in tests with P. regina (Pappas & Fraenkel, 1977) ; however, magnesium was examined because of its efficacy in the secondary screwworm, Cochliomyia macellaria Fabricius (Diptera: Calliphoridae) (unpublished data), as well as D. melanogaster, where its deficiency produces cytological changes in nurse cells (Sang & King, 1961) . B vitamins had no effect in C. hominivorax during the present tests nor in P. regina, although they stimulated oogenesis in N. bullata and D. melanogaster and could well affect subsequent oogenic cycles of C. hominivorax after depletion of larval reserves (Sang & King, 1961; Pappas & Fraenkel, 1977) .
In conclusion, the first gonotrophic cycle in newly colonized C. hominivorax reared on meat-based artificial larval diet was strongly influenced by protein in the adult diet. This result contrasts with existing reports for more colonized strains apparently already selected to mature eggs within a week after emergence, often without any protein in the adult diet. Although fertility data will be required for full evaluation, wound fluid or casein in potassium hydroxide increased egg numbers and maturation rates as effectively as did ground meat supplements to the adult diet.
